The severity of white matter hyperintensity, or leukoaraiosis, is a marker of cerebrovascular disease. In stroke, WMH burden is strongly linked to lacunar infarction; however, impaired cerebral perfusion due to extracranial or intracranial atherosclerosis may also contribute to WMH burden. We sought to determine whether WMH burden is associated with extracranial or intracranial stenosis in patients with AIS.
L
eukoaraiosis, also known as WMH, is commonly found in patients with stroke or TIA. 1 In patients with AIS, the severity of leukoaraiosis is associated with infarct growth, poor functional outcomes, and increased risk of recurrent stroke. [1] [2] [3] [4] Furthermore, leukoaraiosis has been strongly linked to smallvessel disease or lacunar infarction. [5] [6] [7] However, impaired cerebral perfusion due to large-vessel atherosclerosis may affect the severity of leukoaraiosis. To date, association of leukoaraiosis and carotid stenosis in population-based studies remains controversial. [8] [9] [10] [11] Among patients with ischemic stroke, an association between WMH severity and large-artery stroke subtype was reported in a single study of Korean patients, 12 whereas other studies demonstrated greater prevalence of leukoaraiosis in intracranial rather than extracranial atherosclerotic disease of the cerebral vasculature. 12, 13 We sought to determine whether the burden of WMH measured as MR imaging-detectable WMHV is associated with the radiographic evidence of extracranial or intracranial stenosis in patients with AIS.
Materials and Methods

Study Population
We selected subjects from consecutive patients with AIS older than 18 years of age with CTA of head and neck and a brain MR imaging completed on admission to our hospital between January 1, 2008, and January 1, 2009. A total of 201 subjects met the inclusion criteria. "Ischemic stroke" was defined as an acute vascular syndrome with evidence of cerebral infarction on DWI completed within 48 hours from symptom onset.
All patients were assessed prospectively on admission and at 3-month follow-up. On admission, the NIHSS score was assessed as part of the AIS evaluation in the emergency department. Vascular risk factors, including HTN, DM, hyperlipidemia, CAD, and AF, were collected by patient or proxy interview or medical record review. Variables were defined as in prior publications. 14 The first available SBP, DBP, and creatinine levels measured on admission were recorded. Stroke subtypes were classified by using the TOAST criteria, which included large-artery atherosclerosis (embolus/thrombosis), gave informed consent to take part in the ongoing prospective hospital-based cohort studies that were approved by the local institutional review board.
Neuroimaging Analysis
CTA of the head and neck was performed by using a helical scanner (HiSpeed Advantage; GE Healthcare, Milwaukee, Wisconsin) as part of the emergency AIS evaluation. "Extracranial stenosis" was defined as evidence of Ͼ50% stenosis in the extracranial ICA based on NASCET criteria, 16 and "intracranial," as Ͼ50% stenosis in either the middle (M1), anterior (A1), or posterior cerebral arteries (P1) on CTA, on either side (Fig 1) . CTA measurements were performed by a reader (A.C.) blinded to clinical data and WMHV measurements. MR imaging was performed by using 1.5T scanners (Signa, GE Healthcare). We used MRIcro software (University of Nottingham School of Psychology, Nottingham, UK; www.mricro.com) to convert scans from DICOM into Analyze format and for computerassisted determination of WMHV. [17] [18] [19] Volumetric analysis of WMHV was performed on the T2 FLAIR axial sequences using a previously described semiautomated method (Fig 2) . [18] [19] [20] To avoid confounding by the presence of focal white matter changes due to index stroke and to aid discrimination of infarcts from WMH, we simultaneously viewed DWI, ADC, and T2 FLAIR sequences. Total WMHV was measured from the hemisphere unaffected by AIS based on the previously validated protocol. 18 All WMHV measurements were performed by readers blinded to clinical data and the results of large-vessel stenosis assessment. 
Statistical Analysis
All continuous numeric variables are expressed as mean Ϯ SD, with the exception of WMHV, creatinine level, and NIHSS scores, which are expressed as medians (IQR). WMHV was normalized for linear regression analysis by using lnWMHV. Univariate linear regression analysis was used to analyze the relationship between dichotomous and continuous variables and lnWMHV. Three multivariate linear regression models were built to test for independent predictors of lnW-MHV. Model 1 included all univariate predictors with P Ͻ .2. Model 2 included the additionally forced in intracranial arterial stenosis, whereas model 3 was an exploratory model of the effect of a subtype of large-artery stenosis on WMH burden. P value Ͻ .05 was considered significant for all analyses. All statistical analyses were performed by using SAS software (SAS 9.2; SAS Institute, Cary, North Carolina).
Results
A total of 201 consecutive patients with AIS with admission head and neck CTA and brain MR imaging suitable for WMH volumetric analysis were included in the study. Baseline characteristics are shown in Table 1 . Mean age was 62 Ϯ15 years; 36% were women. Smoking (60.1%) and HTN (59%) were the leading vascular risk factors in this cohort, followed by hyperlipidemia (42%). Among these patients, 80 (40%) had cardioembolic, 50 (25%) had large-artery, 36 (18%) had undetermined, 27 (13.5%) had small-vessel, and 8 (4%) had other TOAST stroke subtypes. Median WMHV was 5 cm 3 (IQR, 2.5-10.7). Based on predefined CTA criteria, 51/201 patients (25%) had extracranial, whereas 63/201 (32%) had intracranial stenosis. Mean WMHV was greater in patients with extracranial (12.87 cm 3 ) compared with intracranial stenosis (8.59 cm 3 ). In univariate analysis, age, SBP, DBP, and history of HTN were significantly associated with lnWMHV (P Ͻ .0001, .0003, .0041, and .0003, respectively), whereas extracranial stenosis demonstrated a trend for association with lnWMHV (P ϭ .05) ( Table 2) .
In multivariate analysis (Table 3) , age and SBP (both P Ͻ .0001) were independently associated with lnWMHV in model 1. Including intracranial stenosis into multivariable regression did not alter the results (model 2). Adjusting for the independent effect of extracranial and intracranial stenosis on WMH burden in model 3 demonstrated that extracranial but not intracranial stenosis was independently associated with lnWMHV (P ϭ .04). Volumetric analysis of WMH in patients with AIS. Left: for each subject, the T1 sagittal sequence of admission brain MR imaging (A) is used to outline the 2 adjacent median sections (B). The combined volume of these sections is used to calculate the intracranial area (C), a validated marker of intracranial volume. Right: T2 FLAIR axial sequences are examined for the presence of WMH (D). Regions of interest representing leukoaraiosis are outlined in the hemisphere contralateral to the acute infarct (E), and a semiautomated intensity filter is applied to all consecutive supratentorial axial FLAIR sections (F). The intersection between the initial region of interest and the intensity filter is examined by an operator trained to edit the final region of interest (G) and to finalize the WMH volume calculations adjusted for head size by using the intracranial area.
Discussion
In our study population, age and HTN were the independent predictors of WMH severity in patients with AIS. Increasing age is the strongest predictor of leukoaraiosis burden in general populations 11, [21] [22] [23] [24] [25] and in patients with ischemic stroke. 12, 13, 26 Furthermore, there is pathologic evidence linking age and WMH lesions. 27 Proposed mechanisms of association between leukoaraiosis and advancing age include the following: 1) alteration of blood supply to the white matter due to arteriosclerosis, tortuosity, and elongation of the vessels that result from the aging process 23, [28] [29] [30] [31] [32] [33] ; and 2) age-related changes to the periventricular white matter regions that are in the arterial borderzone and easily susceptible to systemic or focal decreases in cerebral blood flow. 34 Besides age, HTN is the most common risk factor for WMH. The association of elevated blood pressure and severity of WMH was demonstrated in previous population-based studies [21] [22] [23] [24] [25] and in patients with ischemic stroke, including our results. [12] [13] 35, 36 Despite differences in populations evaluated, our results are consistent with the Atherosclerosis Risk in Communities study, which demonstrated that the level of SBP is related to WMH severity. 35, 37 Moreover, longitudinal investigations found that well-controlled blood pressure in patients with HTN can reduce the risk of severe WMH lesions. 38, 39 Chronically elevated blood pressure changes small penetrating arteries and arterioles of the white matter by replacing the smooth muscle cells with fibrohyaline material, which, in turn, causes arteriosclerosis and, presumably, leukoaraiosis. 33, 39 Although previous studies showed that leukoaraiosis is strongly related to small-vessel disease, [5] [6] [7] conflicting findings regarding the association between WMH and AIS subtypes have been reported. A study in Korean patients with ischemic stroke found that leukoaraiosis was predominately associated with large-artery stroke subtype. 12 In that study, WMH burden was assessed by using an ordinal visual scale, and prevalence of severe WMH was 55% in large-vessel, 30% in smallvessel, and 14% in cardioembolic stroke subtype groups. On the other hand, a study in Chinese patients with AIS did not show a relationship between large-artery stenosis and WMH lesion burden. 36 Most interesting, none of the previously published studies implicated diseased posterior cerebral vasculature in WMH severity or its burden accumulation.
Our study aimed to determine whether pre-existing largevessel stenosis predicted WMH severity independent of AIS subtype. We demonstrated that extracranial carotid stenosis was associated with higher WMHV compared with intracranial arterial stenosis. Our results differ from those in 2 prior studies in Korean patients with AIS, which reported WMH lesions to be more prevalent in intracranial arterial stenosis versus extracranial carotid stenosis. 12, 13 This difference may partially be explained by the overall prevalence of extracranial carotid stenosis in white populations, whereas intracranial stenosis is known to be common in Asians. [40] [41] [42] [43] [44] Some other explanations of the divergence in our results include using the different method of WMHV measurement (volumetric assessment in our study versus an ordinal visual rating scale) as well as the definition of the large-vessel stenosis (CTA evaluation in our study versus MR angiography). 12, 13 Furthermore, the mechanism of extracranial carotid stenosis related to the severity of WMH might be through its link to microembolism of unstable plaques and other hemodynamic factors associated with extracranial carotid stenosis. A study in patients with symptomatic carotid stenosis showed an association between unstable (type IV: ulcerated surface, rupture, and hemorrhage) carotid plaques and WMH lesion numbers. 45, 46 The strength of our study is in using a validated highly accurate semiautomated protocol of WMHV assessment that allows detailed quantification of the WMH burden and stringent quality control. Furthermore, we used CTA to determine the degree of large-vessel stenosis, which is also known to have higher accuracy, compared with other noninvasive methods. 16, 47 The limitations of our methods include relatively constrained technical ability to separate WMH resulting from chronic lacunar strokes versus that of "true" leukoaraiosis by using conventional MR imaging sequences. However, the overall accuracy of the WMH measurement by using our operator-mediated quantitative approach is reassuring with regard to its specificity. Other limitations include the inherent drawbacks associated with a retrospective study design and a relatively small study size, which likely limits our study power. However, despite its modest size, our study may provide important clues to the direction of future research in this important area.
Conclusions
Atherosclerosis of the cerebral vasculature may play an important role in the severity of WMH among patients with ischemic stroke and large-artery disease. In our cohort of patients with AIS, age and HTN were the strongest determinants of the WMHV severity; however, future studies are warranted to investigate whether this link has an independent and significant role in the biology of the WMH disease in this patient population and across various ethnicities.
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